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Abstract

In this report, we use a proteomic strategy to identify glycoproteins on the surface of exosomes 

derived from myeloid-derived suppressor cells (MDSCs), and then test if selected glycoproteins 

contribute to exosome-mediated chemotaxis and migration of MDSCs. We report successful 

modification of a surface chemistry method for use with exosomes and identify 21 surface N-

glycoproteins on exosomes released by mouse mammary carcinoma-induced MDSCs. These 

glycoprotein identities and functionalities are compared with 93 N-linked glycoproteins identified 

on the surface of the parental cells. As with the lysate proteomes examined previously, the 

exosome surface N-glycoproteins are primarily a subset of the glycoproteins on the surface of the 

suppressor cells that released them, with related functions and related potential as therapeutic 

targets. The “don’t eat me” molecule CD47 and its binding partners thrombospondin-1 (TSP1) and 

signal regulatory protein α (SIRPα) were among the surface N-glycoproteins detected. Functional 

bioassays using antibodies to these three molecules demonstrated that CD47, TSP1, and to a lesser 

extent SIRPα facilitate exosome-mediated MDSC chemotaxis and migration.
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INTRODUCTION

Proteins on cell surfaces are mediators of cell functions, serving as receptors, transporters, 

and adhesives. They transport nutrition and waste, respond to stimuli from the environment, 

and protect the integrity of the cell. They can also serve as ligands for receptors on other 

cells and deliver signals to surrounding cells in their locale. In the context of the tumor 

microenvironment, CD47 and other surface proteins are considered drug target candidates,
1,2 as well as biomarkers for distinguishing cells of interest.3,4 Exosomes, nanoscale vesicles 

released by almost all types of cells, have been shown to carry cargos that include proteins, 

lipids, and RNAs and to differ according to the type of parental cells. Exosomes are bounded 

by a phospholipid bilayer that contains tetraspanins and other proteins. Tetraspanins CD63, 

CD81, CD82, and CD9 have been proposed as markers of exosomes.5–7 Electron 

micrographs of immunolabeled CD63 clearly show the protein on the surface of blood-

derived exosomes.8 Several other studies also report visualization of selected proteins on the 

surfaces of exosomes.5,9,10 Recent work has highlighted the role that integrins on the surface 

of exosomes play in uptake by recipient cells leading to premetastatic niche formation and 

cancer cell migration.11,12 Here we report an unbiased study of glycoproteins on the surface 

of exosomes released by myeloid-derived suppressor cells (MDSCs). Our broad objectives 

are to identify therapeutic targets for reducing MDSC suppressive functions and to gain 

insight into cell-to-cell communication within the tumor microenvironment that promotes 

tumor progression.

MDSCs are immature myeloid cells. They accumulate in the blood and tumor 

microenvironment of virtually all cancer patients and tumor-bearing mice. They are an 

acknowledged obstacle to innate antitumor immunity and to cancer immunotherapies.13 

MDSCs are multifunctional cells that use a variety of suppressive mechanisms to inactivate 

antitumor immunity. They (i) inhibit the activation of tumor-reactive T cells through their 

production of reactive oxygen and nitrogen species and by sequestering or degrading amino 

acids that are essential for T cell function, (ii) polarize immunity and macrophages toward a 

type 2 phenotype that supports tumor growth, (iii) prevent naive T cells from entering lymph 

nodes and becoming activated by down-regulating T cell expression of L-selectin, (iv) 

inhibit the cytotoxic activity of natural killer cells, (v) promote neovascularization through 
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their production of vascular endothelial growth factor (VEGF), and (vi) promote metastasis 

through their production of matrix metalloproteases.14 The inflammatory milieu present in 

most solid tumors exacerbates both the quantity and potency of MDSCs and induces their 

differentiation and accumulation from hematopoietic progenitor cells.15–17 MDSCs mediate 

most of their immune suppressive and tumor-promoting functions within the tumor 

microenvironment (TME). Therefore, MDSC function requires that the cells migrate from 

the bone marrow where they are generated into solid tumors.14

Cell-to-cell interactions, such as those between MDSCs and their target cells, are frequently 

initiated by contact between plasma membrane receptors and their soluble or membrane-

bound ligands. MDSCs and other cells in the tumor microenvironment release exosomes, 

which also facilitate communication between cells and promote tumor growth and 

metastasis.18–20 Glycoproteins, such as the receptor for advanced glycation endproducts 

(RAGE), facilitate the activation of MDSCs.21 Our previous studies using proteomic 

approaches demonstrated that exosomes released by MDSCs contain one of the ligands for 

RAGE21 and that these proteins are chemotactic for parental MDSCs and also polarize 

macrophages toward a tumor-promoting M2 phenotype.20 Based on these findings, we 

hypothesized that proteomic approaches may be useful for identifying additional MDSC 

plasma membrane and exosomal glycoproteins, which may regulate MDSC function and 

migration.

A number of methods have been developed to take advantage of the unique accessibility of 

molecules at the surfaces of intact cells. These include lectin affinity columns,22 alkylation 

of accessible lysine residues with linked biotin,23,24 nanoparticle pellicles,25,26 and 

alkylation of oxidized glycans with linked biotin or hydrazide.27–30 We have adopted the 

latter strategy for this study of surface glycoproteins on MDSC-derived exosomes and their 

parental cells. In particular, the milder oxy-amino alkylation method of Weekes et al.31 was 

followed because its compatibility with physiological pH minimizes the potential for lysing 

the exosomes.

We hypothesize that multiple glycoproteins reside on the surface of our exosomes, where 

they play critical roles in exosome–cell interactions. Here we report the first successful 

adaptation of cell surface methodology to examine the surface of exosomes released by 

tumor-induced mouse MDSC. The diameters of these exosomes average around 30 nm, on 

the small end of the range reported for exosomes.16 With a high radius of curvature and a 

small surface area, these vesicles provide an appropriate challenge for surface chemistry. We 

have characterized 21 glycoproteins and show that these meet several criteria for a surface 

origin. We have carried out a parallel identification of 93 glycoproteins on the surface of 

parental MDSCs and discuss similarities in composition that are consistent with the similar 

functions reported previously for the exosomes and their parent cells. Because MDSC 

chemotaxis and migration are critical for MDSC function, we have focused our biological 

studies on CD47, an N-glycosylated integral membrane protein identified by our proteomic 

studies. We report here that CD47, known for its ability to protect cancer cells from 

phagocytosis, is also used by MDSC-derived exosomes to chemoattract MDSCs.
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EXPERIMENTAL SECTION

Materials

Fetal bovine serum was obtained from Atlanta Biologicals (Lawrenceville, GA). Tris-HCl, 

PBS, aniline, iodoacetamide, dithiothreitol (DTT), urea, protease inhibitor cocktail solution, 

sodium(meta)periodate, Triton X-100, SDS, NH4HCO3, and glycerol were purchased from 

Sigma-Aldrch (St. Louis, MO). NaCl and trifluoroacetic acid was purchased from EMD 

chemicals (Gibbstown, NJ). Trypsin was obtained from Promega (Madison, WI). PNGaseF 

and G7 buffer were purchased from New England Biolabs (Ipswich, MA). High capacity 

streptavidin beads were obtained from Thermo Scientific (Rockford, IL). Amino-oxy-biotin 

was purchased from Biotium (Hayward, CA). Optima LC/MS grade acetonitrile and formic 

acid were purchased from Fisher Scientific. Pierce C18 spin columns were purchased from 

Glygen Corp (Columbia, MD). Fluorescently labeled monoclonal antibodies to murine Gr1 

(clone RB6-8C5), CD11b (clone M170), CD47 (clone miap301), and isotype-matched 

controls were from BioLegend (San Diego, CA). Deionized water used for all experiments 

was obtained from a Milli-Q A10 system.

Myeloid-Derived Suppressor Cells and Exosome Harvesting

Female BALB/c mice, 6–10 weeks of age (bred in the UMBC animal facility from breeding 

pairs obtained from The Jackson Laboratory, Bar Harbor, ME), were injected in the 

mammary fat pad with 1 × 105 mammary carcinoma 4T1 cells transfected with the IL-1β 
gene (4T1/IL-1β). Mice were bled from the submandibular vein when tumors were 9–11 

mm in diameter. MDSCs were harvested from the blood, labeled with fluorescently coupled 

antibodies to MDSC markers, and assessed by flow cytometry (Beckman/Coulter Cyan 

ADP) for purity, as reported earlier.20,32 Cell populations that were>90% pure Gr1+CD11b+ 

cells were used in these studies. Approximately 108 MDSCs were obtained from 2–3 mice.

Following isolation from mice, MDSCs were either frozen in 15% DMSO and stored at 

−80 °C (for studies with intact MDSCs) or maintained in serum-free HL-1 media overnight 

at 37 °C (for collection of exosomes), as previously described.20 After 16 h, each 

supernatant containing exosomes was centrifuged at 805g and 2090g to remove residual 

cells and then ultracentrifuged at 100 000g to pellet the exosomes. In a previous study, the 

pellet was shown to comprise homogeneous exosomes with diameters of 25–30 nm and 

density of 1.2–1.3 g/mL.20 Pellets containing the exosomes were resuspended in PBS, and 

absorbances were measured at 260 and 280 nm. Protein concentration was assessed by 

Bradford Quick Start assay (Biorad, Hercules, CA). Exosomes were never frozen and were 

used fresh within a week of isolation.

MDSC and Exosome Cell Surface Chemistry

Approximately 108 MDSCs were washed with 50 mM PBS (CaCl2, MgCl2, pH 7.4) and 

then incubated in 1 mM sodium periodate in 50 mM PBS (CaCl2, MgCl2, pH 7.4, 5%FBS) 

for 20 min at 4 °C in the dark to oxidize surface glycans. Oxidized glycans were biotinylated 

in 100 μM amino-oxy-biotin and 10 mM aniline (in PBS with CaCl2, MgCl2, 5% FBS, pH 

6.7) for 1 h at 4 °C, washed two times with PBS (CaCl2, MgCl2, pH 7.4; 5 min at 900g), and 

then resuspended in lysis buffer (150 mM NaCl, 5 mM IAA, 10 mM Tris-HCl, triton X-100, 
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and protease inhibitor cocktail) and incubated overnight at 4 °C. The following day, 

mechanical lysis was carried out. The nuclear material and debris were removed by two 40 

min centrifugations at 2800g, followed by two 40 min centrifugations at 16 000g. During the 

final centrifugation, streptavidin beads were prepared in snap cap spin columns (Pierce, 

Rockford, IL) via two washes (1 min at 1000g) in lysis buffer. The cell lysate was incubated 

on-column for 2 h at 4 °C. The beads were washed with lysis buffer and PBS (pH 7.4, 0.5% 

SDS). Proteins were reduced on column with 100 mM DTT in PBS (pH 7.4 0.5% SDS) for 

20 min at room temperature. The beads were then washed with urea containing (UC) buffer 

(6 M urea, 100 mM Tris-HCl) and alkylated with 50 mM iodoacetamide in UC buffer for 20 

min at room temperature. The biotinylated glycoproteins were digested on-column using 5 

μg of trypsin in 50 mM ammonium bicarbonate at room temperature, overnight. The tryptic 

peptides, released from the beads and present in the supernatant, were collected by 

centrifugation, and a C18 column cleanup was performed. The snap cap columns were 

washed with PBS, followed by Milli-Q water, and G7 buffer (50 mM sodium phosphate). 

The N-glycopeptides (still attached to the beads) were released via digestion with PNGase F 

(15 000 U) overnight in G7 buffer at 37 °C. The peptides were eluted from the beads and are 

present in the supernatant, which was then collected by centrifugation.

Preparation of surface proteins from exosomes was performed with starting material of 

exosomes collected from 1 × 109 MDSCs. The exosomes were incubated in 1 mM sodium 

periodate in 50 mM PBS (CaCl2, MgCl2, pH 7.4) for 20 min at 4 °C in the dark and then 

centrifuged at 100 000g for 70 min. Exosome pellet was washed with PBS (CaCl2, MgCl2, 

pH 7.4, 2% BSA), and another 100 000g spin was performed. The supernatant was removed, 

and the pellet was resuspended in a solution of 100 μM amino-oxy-biotin and 10 mM aniline 

(in PBS, w/CaCl2, MgCl2 2% BSA, pH 6.7) and incubated for 1 h at 4 °C. Intact exosomes 

were then washed with PBS (CaCl2, MgCl2, pH 7.4, 2% BSA) (70 min, 100 000g) and then 

resuspended in 100 μL of PBS (pH 7.4) and incubated overnight at 4 °C. The following day, 

exosomes were lysed in 8 M urea. NH4HCO3 (50 mM) was added to each sample to dilute 

the final urea concentration to 0.8 M. Streptavidin beads were prepared in snap cap spin 

columns. The exosome lysate was incubated on-column for 2 h at 4 °C. The beads were 

washed with ammonium bicarbonate and PBS (pH 7.4, 0.5% SDS). Proteins were reduced 

on column with 100 mM DTT in PBS (pH 7.4, 0.5% SDS) for 20 min at room temperature. 

The beads were then washed with UC buffer and alkylated with 50 mM IAA in UC buffer 

for 20 min at room temperature. The biotinylated glycoproteins were digested on-column 

using 0.75 μg of trypsin in 50 mM ammonium bicarbonate. The tryptic peptides were 

collected by centrifugation, and a C18 column cleanup was performed. The snap cap 

columns were washed twice with PBS, followed by two washes with Milli-Q water, and two 

more washes with G7 buffer. The N-glycopeptides (still attached to the beads) were released 

via digestion with PNGase F (15 000 U) overnight in G7 buffer at 37 °C, and collected by 

centrifugation.

HPLC-MS/MS Analysis

Tryptic peptides and glycopeptides from both MDSC and exosome samples were 

fractionated on a C18 analytical column (Grace Vydac, Deerfield, IL) in line with an LTQ-

orbitrap XL (Thermo Scientific, San Jose, CA) with a combined linear gradient of 0–40% 
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solvent B (97.5% ACN, 2.5% H2O, and 0.1% formic acid) over 140 min and 40–85% 

solvent B over an additional 25 min. The flow rate was 500 nL/min. Precursor ion scans 

were recorded at a resolution of 30 000 at 400 m/z. In each cycle, the nine most highly 

abundant precursor ions were isolated for fragmentation via collisional induced dissociation 

(CID) in the ion trap. Fragment ions were analyzed in the ion trap. Samples from one 

biological replicate each of the parental cells were also analyzed on an orbitrap fusion. In 

this case, peptides from parental cells were fractionated on a C18 Easy Spray column, 75 

¼m ID × 25 cm (Thermo Scientific, San Jose, CA), with a linear gradient of 5–32% 

acetonitrile/0.1% formic acid through 120 min at a flow rate of 500 nL/min. Spectra were 

acquired using a resolution of 120 000 (at 200 m/z) for full scans, followed by HCD 

fragmentation and detection of the fragment ions in the ion trap in the Top N mode.

In total, three biological replicates were analyzed for MDSCs and four for the MDSC 

exosomes. Between three and six injections were examined for each biological replicate.

Bioinformatics

Spectra were converted to peak lists and reformatted as mzXML using msconvert from the 

ProteoWizard project33 and uploaded to the PepArML peptide identification meta-search 

engine34 for searching using MS-GF+.35 Spectra were searched against the UniProtKB 

reviewed mouse reference proteome (August 2015). Precursor ion tolerance of 0.05 Da was 

required for either the monoisotopic or first 13C peak of the precursor isotope cluster, and 

tolerance of 0.5 Da was used for fragment ion matching. A fixed carbamidomethylation Cys 

modification was specified throughout. Peptides were required to match the trypsin 

proteolytic digest motif at both the N- and C-terminus. Up to two missed trypsin cleavages 

were permitted. Spectral FDR was estimated using a reversed protein sequence database.

Peptides in the fraction resulting from PNGaseF deglycosylation and release of glycan-

bound tryptic glycopeptides were searched using variable deamidation of Asn residues in the 

N-XS/T glycosylation sequence motif and only those peptides with a deamidation mass-shift 

(+0.98 Da), characteristic of N-glycan cleavage, were retained. Peptides in the fraction 

resulting from tryptic digestion of bound glycoproteins were searched separately, without 

this variable modification, and the resulting peptide identifications were combined with the 

PNGaseF fraction deglycosylated glycopeptides. Protein parsimony analysis was applied to 

the combined exosome and MDSC peptide identifications, after filtering at 5% spectral 

FDR, to infer glycoproteins. In addition, at least one deglycosylated glycopeptide 

identification from the PNGaseF fractions was required for each inferred protein. Proteins 

inferred on the basis of a single deglycosylated glycopeptide were held to a higher standard, 

with the single deglycosylated glycopeptide identified required to satisfy spectral FDR at 

most 1% and to have a unique alignment to UniProt reviewed mouse reference sequences. 

Protein FDR for the unified parsimony analysis was 2.05%, estimated by tracking decoy 

peptides and proteins throughout the protein inference procedure.

Nine of the 21 exosome proteins were identified based on the identification of a single 

deglycosylated glycopeptide. Six of these are matched to more than one spectrum. In the 

parental MDSC cell surface analysis, 18 glycoproteins out of 93 were identified based on a 

single PNGaseF fraction deglycosylated glycopeptide. Stringent one-peptide identifications 
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for the surface proteins have been considered sufficient by other laboratories exploring 

surface glycoproteins.36

The NetNglyc server was used to predict N-glycosylation sites on peptides identified from 

the PNGaseF fraction.37 Uniprot and Protter were used to make predictions on topology 

domains of the glycopeptides.38

MDSC Migration and Chemotaxis

MDSC chemotaxis with exosomes was assessed as previously described with the following 

modifications.20 Intact MDSCs from 4T1-tumor-bearing mice (1 × 106 of >90% 

Gr1+CD11b+ cells) were placed in the upper chamber of transwells containing an 8 μm filter 

and MDSC-derived exosomes were place in the lower chamber. In some experiments, 

MDSC-derived exosomes were premixed at 4 °C for 1 h with 5 ¼g/mL antibodies to mouse 

CD47 (clone miap301, Rat IgG2a, catalog no. 127501, BioLegend), mouse 

thrombospondin-1 (TSP-1; clone 6.1, catalog no. 14-9756-82, EBioscience), mouse signal 

regulatory protein-α (SIRPα; CD172a, clone P84, catalog no. 144002, BioLegend), or the 

irrelevant isotype matched control antibodies rat IgG2a (clone RTK2758, no. 400515, 

BioLegend), mouse IgG1 (clone P.3.6.2.8.15, no. 16-4714-83, EBioscience), or rat IgG1 

(clone BRG1, no. 16-4301-85, EBioscience), respectively. Preincubated exosomes or 

medium containing no exosomes was then added to the lower chamber of the transwells, and 

the transwell plates were incubated at 37 °C, 5% CO2. At the end of 4 h, cells migrating to 

the lower chamber were counted by hemocytometer. In some experiments, parental MDSCs 

were pretreated at 5 µg/mL with the CD47, TSP-1, SIRPα, or corresponding irrelevant 

isotype matched antibodies for 1 h at room temperature, and unbound antibody was removed 

by washing with PBS. Samples were run in triplicate, and each sample was counted six 

times. Values are the average ± SD of triplicate samples per experimental condition. % 

migration = {experimental – control medium)/ (exosomes – control medium)} × 100%. 

Statistical analysis was by Student’s t test.

RESULTS AND DISCUSSION

Twenty-one surface N-glycoproteins have been identified on the exosome samples and are 

listed in Table 1. A recent publication speculates that a single exosome can carry about 100 

proteins.39 In this context and allowing for heterogeneity within an exosome sample,4 the 

identification of 21 glycoproteins on the exosome surface would seem to be a reasonable 

first result. Twenty-one protein identifications were based on 25 N-glycopeptide 

identifications (Table S1) on 25 sites. All glycopeptides contain a motif for N-glycosylation 

in which an asparagine has been modified (by PNGaseF cleavage) to aspartic acid. Sixteen 

of the glycosylation sites have been previously identified in other studies using experimental 

methods,40 and nine are characterized here for the first time.

From the surface of the parental MDSCs, 188 N-linked glycopeptides were characterized, 

supporting the identification of 93 glycoproteins (Table S2). On 16 of these glycopeptides, 

we identified glycosylation at two sites. In all, 204 glycosites are identified. One hundred 

and fifty-two of the 204 observed sites of N-glycosylation have already been confirmed by 
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experimental evidence in other studies,40 while 52 are characterized for the first time here. 

Twenty-seven of the latter cohort are not predicted by the NetNGlyc database (Table S3).

The topological domains of the N-linked glycosites identified from the exosomal surface 

were also evaluated, seeking confirmation of the fidelity of oxidative alkylation on the 

surface of our exosomes (Table S4). Based on the chemistry, we would expect all the 

glycopeptides observed to originate in solvent accessible regions of the proteins. Relevant 

topologic information is not available for all of the proteins; however the majority of 

glycosites identified on the surface of the exosomes and also on the parental MDSC surface 

can be assigned to extracellular regions of their proteins. A few glycosites originate from 

proteins in the extracellular space and some from GPI anchored proteins that do not have 

transmembrane domains (Figure 1).

Cluster of differentiation (CD) proteins are of particular interest because of their interactive 

functions at the cell surface. Ten CD proteins were identified on the exosomes, and 35 on 

MDSCs (Figure 2). The CD proteins found on surfaces of both parental cells and exosomes 

include CD11b (also known as Mac-1), which is used as a marker for MDSCs although it is 

also expressed on other hematopoietic cells. CD47 was also found on both surfaces and is of 

interest as it is reported to prevent phagocytosis by macrophages and thereby protects cancer 

cells from immune destruction.41 CD82 found on both surfaces is known to bind to CD4 and 

stimulate the T-cell receptor signaling cascade.42

The similarity or difference between proteins carried by exosomes and their parental cells is 

of considerable interest to researchers studying the role of exosomes in intercellular 

communication.4– In the present study, 17 of the 21 exosome glycoproteins were found in 

common on the surface of parental MDSCz with N-linked glycopeptide identifications on 

exosomes. Another three proteins identified on the basis of N-glycopeptides in exosomes are 

supported by tryptic peptides in MDSCs (ADP-ribosyl cyclase (CD157), transmembrane 9 

superfamily member 3, and endothelial lipase) (Table S5). Only junctional adhesion 

molecule A (CD321) was identified on the exosome surface but not detected at all in our 

current examination of parental MDSC samples. Intriguingly, ADP-ribosyl cyclase (CD157) 

is identified in the exosomes by virtue of one deglycosylated glycopeptide and no tryptic 

peptides, while in the parental MDSCs, four distinct tryptic peptides were observed, but no 

deglycosylated glycopeptide, suggesting it is differentially glycosylated in exosomes. The 

overlap between exosome and parental MDSC surface proteins demonstrated here exceeds 

80% (17 of 21 proteins) and suggests that the surface of the exosomes primarily carry 

proteins representative of the surface of the primary cells that released them.

Exosomes are proposed to transport active biomolecules from sender cells to receiver cells, a 

hypothesis that raises questions about recognition and adhesion (as well as transmembrane 

mechanisms).46–50 We have shown that MDSC exosomes stimulate migration of MDSCs,20 

and we have summarized in Table 2 glycoproteins known to be partners in receptor/ligand 

interactions and thus, potentially, in MDSC/exosome couplings. Leukocyte surface antigen 

(CD47) and CD44 on the exosome surface both bind glycoproteins identified on the MDSC 

surface51,52and CD29 and CD172a on the MDSC surface bind to TSP-141,53 and fibrinogen,
54 respectively, identified on the exosome surface. Most of the cell surface molecules listed 
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in Table 2 are also receptors or ligands expressed by other cells in the tumor 

microenvironment.55–59 Our survey appears to support adhesion between exosomes and 

cells, though not yet selective recognition.

MDSC-derived exosomes exhibit immunosuppressive functionalities similar to that of their 

parental cells,20 and proteins on their surface should similarly be considered as potential 

drug targets. Neutrophil granule protein is a protein of interest identified in this study on the 

surfaces of both MDSCs and MDSC-derived exosomes. CD47 is particularly interesting 

because cancer cells express elevated levels of CD47, which sends a “don’t eat me” signal 

when it complexes with CD172a (signal regulatory protein α or SIRPα), thereby preventing 

phagocytosis by macrophages.41 CD47 is also known to affect cellular aggregation and 

migration,60 and it is currently under investigation as a potential therapeutic target against 

cancer.1,2 These characteristics made CD47 an interesting candidate for functional assays.

MDSCs mediate their immune suppressive functions within the tumor microenvironment. 

Since MDSCs are generated in the bone marrow and traffic via the circulatory system, their 

entry into solid tumors involves chemoattraction. Our previous studies have demonstrated 

that tumor-derived inflammatory factors21 and MDSC-derived exosomes facilitate this 

chemoattraction.20 We first confirmed by flow cytometry that parental MDSCs express cell 

surface CD47 by staining MDSCs with an antibody specific to CD47 or an irrelevant isotype 

matched antibody (Figure 3A). As expected from the proteomic analysis, MDSCs expressed 

high levels of CD47. To determine if CD47 impacts MDSC migration, we used a transwell 

system in which MDSCs were placed in the upper chamber of a transwell containing a 

semipermeable membrane, and MDSC-derived exosomes were placed in the lower chamber. 

The ability of the exosomes to chemoattract parental MDSCs was determined by quantifying 

the number of MDSCs migrating into the lower chamber. The role of CD47 was determined 

by assessing MDSC migration in the presence of an antibody that sterically blocked CD47. 

In the absence of exosomes, MDSCs did not migrate, confirming that exosomes are 

chemotactic for MDSCs. Preincubation of the exosomes with increasing quantities of anti-

CD47 antibody, but not an irrelevant control antibody, significantly decreased the number of 

migrating MDSCs (Figure 3B). These results indicate that CD47 facilitates exosome-

mediated migration of MDSCs.

CD47 binds two ligands: the secreted protein TSP-1 and the integral membrane protein 

SIRPα. Our proteomic analysis identified TSP-1 in both parental MDSCs and MDSC-

derived exosomes, while SIRPα was only detected in the parental MDSCs. Exosome driven 

chemotaxis of MDSCs could involve either or both of these ligands and either the MDSCs or 

the exosomes could express the receptor CD47 or the ligand TSP-1 or SIRPα To determine 

whether CD47 is used by the MDSC or the exosomes, exosomes or MDSCs were pretreated 

with blocking antibodies to CD47 or an irrelevant control isotype matched antibody prior to 

inclusion in the migration assay. Anti-CD47 antibody pretreatment of the exosomes (Figure 

4A) but not the MDSCs (Figure 4B) prevented migration, while the irrelevant antibody had 

no effect. These results indicate that the exosomes and not the MDSCs use the integral 

membrane protein CD47 as the receptor. Since the receptor CD47 is functional on the 

exosomes, MDSC chemotaxis could involve MDSC-produced TSP-1 or SIRPα. To 

determine if either of these ligands are involved and to ascertain if MDSCs are the source of 
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the ligand, exosomes or MDSCs were pretreated with blocking antibodies to TSP-1 or 

SIRPα prior to inclusion in the migration assay. Pretreatment of either exosomes or MDSCs 

with antibodies to TSP-1 significantly decreased MDSC migration (Figure 5A.B, 

respectively). Since antibodies cannot be removed from the exosome solution prior to the 

assay, these anti-TSP-1 antibodies could be neutralizing TSP-1 produced by either the 

MDSC or exosomes. In contrast, pretreatment of either exosomes or MDSCs with blocking 

antibodies to SIRPα only minimally reduced MDSC migration, and this trend was not 

statistically significantly different from the effect of the irrelevant antibody controls (Figure 

6A,B, respectively). These results demonstrate that TSP-1 is the dominant CD47 ligand that 

regulates exosome-driven MDSC chemotaxis.

CONCLUSIONS

We have successfully established a method to identify glycoproteins on the surfaces of 

exosomes and demonstrated that multiple glycoproteins are present on the surface of 

MDSC-derived exosomes. About 80% of the surface glycoproteins on these exosomes were 

also identified on the surface of parental MDSCs, providing further support to the 

conclusion that the protein cargo in exosomes closely resembles that of the parent cells. Our 

studies identified numerous molecules that have the potential to regulate exosome activity 

and function. For example, exosomes were observed to contain CD321 (also known as 

junctional adhesion molecule A encoded by the F11R gene). In addition to its function in 

cellular tight junctions, CD321 binds to leukocyte function antigen 1 (LFA-1 or CD11a), 

which we detected in MDSCs. LFA-1 is also expressed by T cells raising the possibility that 

MDSC-derived exosomes might deliver their immune suppressive cargo to T cells by their 

binding of CD321 to T cell LFA-1.

The leukocyte surface antigen CD47 and its ligand TSP-1 were among eight CDs found on 

both cell and exosome surfaces. CD47 is well-known for its ability to protect tumor cells 

from phagocytosis. Our studies demonstrate that CD47 also promotes tumor progression by 

enhancing the trafficking of immune suppressive MDSCs and thereby inhibiting antitumor 

immunity. Therefore, in-progress clinical trials testing the therapeutic effect of antibodies to 

CD47 may not only demonstrate direct effects on tumor cells but may also facilitate the 

development of antitumor immunity.61
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Figure 1. 
Origins of N-linked glycopeptides identified on the surfaces of parental MDSCs and 

exosomal N-glycopeptides. The topology information was created using Uniprot and Protter.
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Figure 2. 
CD proteins identified on the surfaces of the MDSC and MDSC derived exosomes.
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Figure 3. 
CD47 regulates MDSC chemotaxis and migration in response to MDSC-derived exosomes. 

(A) Parental MDSCs express CD47 on their cell surface. Tumor-induced MDSCs were 

stained with fluorescent antibody to CD47 or with irrelevant control isotype-matched 

antibody and analyzed by flow cytometry. (B) BALB/c tumor-induced MDSCs were placed 

in the upper chamber of a transwell and MDSC-derived exosomes, with or without titered 

quantities of antibody to CD47 or irrelevant control antibody IgG2b were placed in the lower 

chamber. MDSCs migrating to the lower chamber were quantified by counting. * indicates 

values are statistically significantly different from exosomes without antibody to CD47 or 

exosomes with isotype control antibody (p < 0.02). Data are from one of six independent 

experiments with 5 μg/mL CD47 antibody.
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Figure 4. 
CD47 on MDSC-derived exosomes, and not CD47 on intact (parental) MDSCs, regulates 

MDSC chemotaxis and migration. Chemotaxis assay was performed as in Figure 3 except 

(A) exosomes or (B) MDSCs in some samples were pretreated with antibody to CD47 or an 

irrelevant isotype matched antibody prior to their placement in the transwells. Data are 

representative of one of six and three independent experiments for panels A and B, 

respectively.
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Figure 5. 
Thrombospondin, a ligand for CD47, is produced by parental MDSCs and facilitates MDSC 

chemotaxis and migration. Chemotaxis assay was performed as in Figure 3 except (A) 

exosomes or (B) MDSCs in some samples were pretreated with antibody to thrombospondin 

(TSP-1) or an irrelevant isotype matched antibody prior to their placement in the transwells. 

Data are representative of one of three and one of two independent experiments for panels A 

and B, respectively.
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Figure 6. 
SIRPα, a ligand for CD47, is produced by parental MDSCs and may contribute to MDSC 

chemotaxis and migration. (A) Chemotaxis assay was performed as in Figure 3 except (A) 

exosomes or (B) MDSCs in some samples were pretreated with antibody to SIRPα, 

antibody to CD47, or an irrelevant isotype matched antibody prior to their placement in the 

transwells. Data are representative of one of three and three independent experiments for 

panels A and B, respectively.
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Table 1.

N-Glycoproteins Identified on the Surface of Exosomes Released by MSDC
a

glycopeptide Uniprot accession number protein

DQCIVDDITYNVNDTFHK P11276 fibronectin

LDAPTNLQFVNETDR P11276 fibronectin

TEAADLCQAFNSTLPTMDQMK P15379 CD44

INLTTNVVDVNRPLPLAAYNNR Q3UZZ4 olfactomedin-4

DAMVGNYTCEVTELSR Q61735 leukocyte surface antigen CD47

DSSGVINVMLNGSEPK Q64277 ADP-ribosyl cyclase/CD157

AVNQTGALYQCDYSTSR P05555 integrin α-M/CD11b

LNYTLVGEPLR P05555 integrin α-M/CD11b

YLNFTASEMTSK P05555 integrin α-M/CD11b

ISENGSSVAGILSSPNMEK Q9Z0M6 CD97

VVIRPFYLTNSTDMV Q07797 galectin-3-binding protein

VVNVSELYGTPCTK P55772 ectonucleoside triphosphate diphosphohydrolase 1/CD39

DCIQSGPGCSWCQKLNFTGPGEPDSLR P11835 integrin β-2/CD18

AFMNSSFTIDPK O88792 junctional adhesion molecule A/CD321

ALMPFDSLHDDPCLLTNR(S) P11247 myeloperoxidase

KVSCPIMPCSNATVPDGECCPR P35441 thrombospondin-1

VVNSTTGPGEHLR P35441 thrombospondin-1

GFCEADNSTVSENNPEDWPVNTEGCMEK P40237 CD82

FLEQQNQVLQTKWELLQQVNTSTR Q6IFZ6 keratin, type II cytoskeletal 1b

YKGTAGNALMDGASQLVGENR(T) Q8K0E8 fibrinogen β chain

GTAGNALMDGASQLVGENR(T) Q8K0E8 fibrinogen β chain

VQGCMSQPGCNLLNGTQTIGPVDVSER Q8R2S8 CD177

AELSNVSDTVWNIR Q9D8U6 mast cell-expressed membrane protein 1

IVDVNLTSEGK Q9ET30 transmembrane 9 superfamily member 3

ALNASQEETGAVFLCPWK Q9QUM0 integrin α-IIb/CD41

LLENCGFNMTAK Q9WVG5 endothelial lipase

a
Asparagine residues in the motif N-X-S/T, which were deamidated upon release by PNGase F, are highlighted in bold.
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Table 2.

Ligand/Substrate Binding Partners Identified on the Surface of MDSC and MDSC-Derived Exosomes

exosome MDSC

integrin α-IIb/CD41 thrombospondin, fibronectin, fibrinogen

integrin α-M/CD11b haptoglobin, fibrinogen, fibronectin

integrin β2/CD18 haptoglobin, fibrinogen

leukocyte surface antigen (CD47) thrombospondin-1, CD172a

CD44 fibronectin

thrombospondin-1 CD29, leukocyte surface antigen (CD47)
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